A study on magnetoelectric phenomena in the barium titanate-barium hexaferrite (BaTiO 3 -BaFe 12 O 19 ) composite system, using high resolution techniques including switching spectroscopy piezoresponse force microscopy (SSPFM) and spatially resolved confocal Raman microscopy (CRM), is presented. It is found that both the local piezoelectric coefficient and polarization switching parameters change on the application of an external magnetic field. The latter effect is rationalized by the influence of magnetostrictive stress on the domain dynamics. Processing of the Raman spectral data using principal component analysis (PCA) and self-modelling curve resolution (SMCR) allowed us to achieve high resolution phase distribution maps along with separation of average and localized spectral components. A significant effect of the magnetic field on the Raman spectra of the BaTiO 3 phase has been revealed. The observed changes are comparable with the classical pressure dependent studies on BaTiO 3 , confirming the strain mediated character of the magnetoelectric coupling in the studied composites.
Introduction
Multiferroic materials demonstrating direct or indirect coupling between magnetic and electric degrees of freedom (magnetoelectric, ME, effect) have been a focus of attention for the scientific community in recent years, mainly due to a number of attractive technological applications 1 and a great potential for new investigations. Due to the fact that the ME effect occurs in a limited number of single phase materials, usually very weak, and at relatively low temperatures, 2 a popular alternative solution is composites of magnetostrictive (or piezomagnetic) and piezoelectric components. 3 ,4 ME coupling in such composites is a product property mediated by mechanical stress, arising at the interface when fields (magnetic/electric) are applied. 4c Conventionally, one distinguishes between the direct (change of the polarization under a magnetic field) and converse (change of the magnetization under an electric field) ME effects, both being the cross coefficients relating an extensive variable with an intensive one from the other respective thermodynamic field pairs. In the small signal regime, both ME coefficients should be the same due to the thermodynamic Maxwell relations. The other pair, relating electric and magnetic fields as well as magnetization and polarization (again both should be identical in value for small signals), is typically used in theory. 3, 5 Most of the experimental and theoretical studies on multiferroic composites have so far been focused on measurements or simulation of the macroscopic integral ME response for different compositions, 6 connectivity types, 7 and morphologies of composites. 8 Taking into account the crucial role of the interfaces and widely distributed connectivity schemes, there is a strong motivation to investigate local variations of the ME response with a high spatial resolution. This will not only allow microstructural control of the ME response, but should also provide new insights into the coupling mechanism, and thus open the door for controlling and tailoring the macroscopic ME effect. Such local measurements have become available only recently with the development of scanning probe microscopic techniques, such as piezoresponse force microscopy (PFM) and magnetic force microscopy (MFM), addressing ferroelectric and magnetic properties with nanoscale resolution, 9,10 and making possible direct monitoring of changes induced by electric or magnetic fields applied in situ.
At the moment, quite a few reports on scanning probe microscopic studies of ME coupling have been published.
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In the present work, we systematically study the local ME coupling in multiferroic composites by a combination of high resolution methods of PFM and spatially resolved confocal Raman microscopy (CRM). PFM is based on the detection of piezoelectric surface deformations, induced by the application of ac voltage to the sharp tip. 10 It serves as a powerful method for imaging ferroelectric domain structures and studying the polarization reversal phenomena under the local electric bias (SSPFM). Raman spectroscopy, on the other hand, is a wellknown method for the investigation of structural dynamics in a wide range of materials. 14 The analytical advantages of Raman spectroscopy and the submicron spatial resolution (below the diffraction limit) of scanning confocal microscopy 15 have been combined in the presented approach. Confocal Raman microscopy has recently been used for the visualization of domain structures in the bulk crystal and for reconstructing the domain kinetics in ferroelectric crystals. 16, 17 The sensitivity of vibration modes to an induced strain makes CRM an interesting technique for the visualization of magnetoelectric coupling in multiferroic composites. Thus, joint application of these methods will give mutually complementary spatial maps of the ME response and provide synergetic new information about the studied materials. 16 As the subject of our study we chose a bulk ceramic composite containing magnetostrictive barium hexaferrite (BaFe 12 O 19 ) and piezoelectric barium titanate (BaTiO 3 ). This system has already been shown to manifest the ME effect at the nanoscale. 13 However, direct macroscopic measurements of the ME coupling in these composites are limited due to the relatively high percolating electric conductivity. Therefore, the local measurements, which are, in general, free from such a limitation, are very useful for the evaluation of the ME potential of this system.
Experimental
The studied polycrystalline ceramic nanocomposites powders, respectively. To make the composites, the two components were well mixed by grinding in an agate mortar and then uniaxially pressed in a 10 mm diameter die with a pressure of 100 MPa. The composite was then sintered at 1200°C for 2 h, achieving a relatively low composite density of around 4 g cm −3 . The grain sizes in the composite were similar to those of the initial powders, with no significant grain growth occurring, and XRD showed that the two phases remained discrete and did not react. Prior to the measurements, ceramic pellets were ground to a thickness of about 0.5 mm. One of the faces was polished up to 0.1 μm grit. A silver electrode was painted for electrical connection onto the other face. The PFM/MFM measurements were carried out with MFP-3D (Asylum Research) and Ntegra Prima (NT-MDT) commercial scanning probe microscopes. The PFM measurements were performed either in single frequency mode or in dual amplitude resonance tracking (DART-PFM) mode. In the first case, an ac voltage with amplitude V ac = 5 V at frequency f = 50 kHz was applied to the tip. In the second case, the PFM signal is collected at two frequencies below and above the contact cantilever resonance frequency (550 kHz). This allows us to improve the signal to noise ratio. Switching spectroscopy PFM (SS-PFM) was performed using the MFP-3D system. A detailed explanation of the SS-PFM method can be found elsewhere. 18 In our case, a train of dc voltage pulses with a constant duration τ p = 25 ms and their amplitude changing stepwise from 0 to +V max , then from +V max to −V max and back to 0 was applied to the tip (V max = 30 V).
Between the pulses, a small probing ac voltage was used to record the PFM signal in the DART mode. The resulting dc bias dependences of the piezoresponse, local piezoresponse hysteresis loops, were collected over a predefined spatial grid. The acquired data set was analyzed to yield spatial distribution of the polarization switching parameters, such as saturation amplitude, nucleation bias, etc. Fresh uncoated doped silicon cantilevers (SEIHR, Nanosensors) with a spring constant k = 15 N m −1 and resonant frequency f = 130 kHz were used for all PFM/SSPFM measurements. For MFM scans commercial cantilevers (ASYMFMHC) coated with a magnetic layer of Co/Fe (tip apex radius 45 nm; H c > 5000 Oe) were utilized. A commercial variable magnetic field module (VFM2, Asylum Research) was used to apply an in-plane magnetic field up to 8 kOe during PFM measurements. Raman spectra were recorded in the backscattering configuration at room temperature within 2D scanning using a confocal Raman microscope, Alpha300AR (WiTec GmbH). A He-Ne laser with λ = 633 nm and power 37 mW was used as a pumping source. Laser radiation was focused on the sample surface by an objective ×100 with numerical aperture 0.75. A diffraction grating with 600 g mm −1 providing a spectral resolution of 1.9 cm −1 was used for scattered light decomposition. The estimated spatial resolution of CRM was about 350 nm in the plane of the sample and about 500 nm in the vertical direction (depth). Raman measurements in the magnetic field were performed using a custom cell with permanent magnets providing a maximum magnetic field of H = 2.5 kOe. In order to efficiently mine the spatially resolved spectral data, which is usually dominated by overlapping contributions from the two phases, major data techniques including principal component analysis (PCA) and self-modelling curve resolution (SMCR) were utilized.
Results and discussion Hence, it can be inferred that the orientation of the polar axis of the individual grains lies at some angle to the sample normal, and is randomly distributed. The VPFM signal is only unipolar, which is often observed in multiferroic composites. In contrast, the LPFM signal shows both negative and positive values indicating the fact that domains are mainly separated by 90 degree walls. Concurrently, the piezoelectric inactive regions correlate with active ones in MFM mode. This verifies the fact that the two phases, piezoactive BaTiO 3 and magnetically active BaFe 12 O 19 , are juxtaposed to each other without obvious secondary phases. In order to study the effect of magnetic field on local polarization switching, we carried out SS-PFM mapping on a 16 × 16 point grid over a BaTiO 3 rich area (Fig. 2a) . The obtained SS-PFM results are actually a 5-dimensional dataset composed of variation of the PFM phase and amplitude arrays as a function of the dc bias and spatial coordinates, (x, y). We analyzed the SS-PFM datasets using self-developed MATLAB routines to yield maps of the relevant parameters (Fig. 3) . As shown in Fig. 3a , the map of the saturation VPFM amplitude extracted for SS-PFM data exhibits significant correlation with the maps of single frequency PFM on active regions (Fig. 1) . The plotted values are as acquired, and no rejection algorithm was employed at this point to filter the data. Hence the saturation amplitude was used as a parameter to set a low pass filter for rejecting data arrays corresponding to the inactive regions. Using such a filter, fitting routines were developed in order to extract maps of the positive (Fig. 3c and d ) and negative nucleation bias (Fig. 3e and f ) . 19 The nucleation bias corresponds to the electric field when a stable enough switched domain (nucleus) appears and can be considered as a local analogue of the coercive field. Fig. 4a shows histograms of the nucleation bias. In most cases NNB is larger than PNB. Moreover, analyzing a spatial distribution of the difference between these two biases, which can be considered as a measure of the strength and polarity of the internal fields, we found that the strong asymmetry is typical of the loops measured close to the interfaces between BaTiO 3 and BaFe 12 O 19 grains, while the interior parts of the BaTiO 3 grains show more symmetric switching (Fig. 4c) . The dominance of the negative offset of the PFM hysteresis loops correlates with the strong unipolarity of the VPFM signal measured for the assintered state (Fig. 1b) . Indeed, a preferable direction of the internal fields may stimulate appearance of the preferable polarization orientation at the paraelectric-ferroelectric phase transition. The effect of self-polarization has often been observed for ferroelectric thin films and related to an internal bias field due to charged defects at the film-electrode interface. 20 Similarly, in our case the charge carriers seem to be accumulated at interfaces between BaTiO 3 and BaFe 12 O 19 grains, resulting in strong internal bias fields in this area (see Fig. 4c ). This effect is very likely if one considers the interface as a heterojunction between two semiconducting materials. 21 As such, different work functions and band gaps (∼1 eV for BaFe 12 O 19 22 and ∼3.3 eV for BaTiO 3 23 ) result in the creation of a potential barrier at the interface. Free charges (few, but some are present) can be localized at such a barrier, resulting in the formation of a space charge layer. As the hexaferrite has a much narrower band gap, this phenomenon is not unlikely to occur in this combination with a ferroelectric. 21 Comparison between the loops measured with and without magnetic field reveals two apparent changes: (i) an increase of the saturation amplitude of the VPFM signal (S max ) and (ii) a reduction of the negative nucleation bias. Although an interpretation of these changes demands a rigorous theoretical model, we try to explain both effects separately and find a correlation between them based on the presumption of possible phenomena. Fig. 4b shows a map of the difference between the saturation amplitudes with and without the magnetic bias. The strongest changes are observed in the vicinity of the interface between piezoelectric and magnetostrictive phases. Such an observation confirms that the ME effect in this composite occurs via a mechanical strain-stress transfer. The mechanical stress arising in BaTiO 3 grains due to the magnetostriction in adjacent BaFe 12 O 19 grains seems to be localized in the vicinity of the interface and relaxes into the interior part of the grains. 24 The observed increase of the VPFM amplitude signal under a magnetic field, H, can have both intrinsic and extrinsic origins. The intrinsic origin is directly related to a change of the local polarization, ΔP, stimulated by the ME coupling, ΔP = αH, where α is the ME coefficient. It should result in the corresponding change of the local piezoelectric coefficient. According to the well-known relationship:
where ε is the relative dielectric permittivity, ε 0 is the dielectric permittivity of vacuum and Q is the electrostriction coefficient, a change in d 33 (namely Δd 33 ) can be magnetoelectrically induced as:
or correspondingly:
Similar equations have been used in ref. 12 . However, the authors of that article estimated d 33 from the slope of local hysteresis loops. Such an approach cannot be applied for a standard SS-PFM experiment, since the measured signal always corresponds to a deformation induced by a small ac voltage, independent of the value of the dc bias. Taking into account that in SS-PFM the polarization switching progresses via propagation of a new domain nucleated underneath the tip inside the oppositely polarized matrix 10, 26 and that this new domain is maximal at large dc bias, one can estimate Δd 33 from the differences between S max with and without magnetic field (ΔS max ). We would like to point out that in our composite, the ME effect is strain-stress mediated and, therefore, ΔS max due to the intrinsic ME effect should be symmetric relative to the polarization polarity. In our case, however, we observed a substantially larger ΔS max for the negative bias (upward polarization) than that for the positive bias (downward polarization). This difference may be a manifestation of an extrinsic contribution related to ME induced changes of polarization switching kinetics under the PFM tip. Indeed, in the SS-PFM experiment the measured signal is proportional not only to the d 33 value, but also to the volume of the switched domain. One can assume that the application of a magnetic field affects the domain nucleation and growth processes. The applied magnetic field obviously results in mechanical stress acting on BaTiO 3 crystallites, due to the magnetostriction of adjacent BaFe 12 O 19 grains. Such a stress can affect the energy equilibrium conditions, and facilitate (or impede) the growth of a new domain by different mechanisms.
One mechanism is related to a magnetic field induced variation of nucleation bias. Fig. 4a shows the distributions of positive and negative nucleation bias values extracted from the maps plotted in Fig. 3c-f . These distributions have a bimodal shape with two peaks corresponding to the most probable bias values. One can see that the application of the magnetic field results in a decrease of the NNB magnitude with the peak position shifting from −12 to approximately −9.5 V. At the same time, the shift of PNB lies within statistical errors. These changes cannot be explained by the lateral drift of the scanned area, which is estimated to be about 22 nm, 27 and is too small to be comparable to the tip apex diameter (∼20 nm). The observed changes of the nucleation bias can be considered in the following way: as discussed above, the charges trapped in the vicinity of the interface result in an internal bias field and, correspondingly, in asymmetric polarization switching. Application of the magnetic field effectively lifts up the asymmetry of the domain nucleation by reducing the NNB values. We assume that the extra polarization appearing due to the ME coupling after the application of the magnetic field modifies the existing field balance. Obviously, the change of the polarization will result in a change of the related depolarizing field. The situation is somewhat similar to those in macroscopic measurements of the direct ME effect under open circuit conditions, when the applied magnetic field results in the appearance of an electric field. 28 Since our pristine state is unipolar (relative to the sample surface plane), the change of the depolarizing field will be unipolar too. Such changes can partially compensate for the defect-mediated negative bias, and facilitate nucleation of domains in the forward direction. A similar effect of the ME induced internal electric field on the symmetry of local polarization switching was proposed recently by H. Miao et al. in a bilayer Terfenol-D/PbMg 1/3 -Nb 2/3 O 3 -PbTiO 3 composite. 29 Contrary to our case, however, the internal field caused made the loops more asymmetric. Besides the change of domain nucleation conditions, the domain propagation kinetics can also be affected by the magnetic field. Indeed, we observed that for the negative bias (upward domains), the maximal VPFM signal increases much more than for the downward polarization. This indicates that the domain for the upward polarization is propagating faster through the sample, and reaches a larger volume. Again, such facilitated kinetics can be attributed to the unipolar altering of the depolarizing field, which comes into play after the domain is nucleated.
The confocal Raman imaging performed in a 10 μm × 10 μm region provides structural insights into the phase distribution. The 3D dataset was analyzed using PCA, 30 resulting in two principal spectral components corresponding to BaTiO 3 and BaFe 12 O 19 . The concentration of each component distributed over the scanned region has been represented by 2D maps (Fig. 5a ). These maps reveal a tiny diffused interface between BaTiO 3 and BaFe 12 O 19 , and no spectral components corresponding to any impurity phase were found. The PFM image taken on the same spot shows that those active regions apparently correlate with BaTiO 3 (Fig. 5c ). This confirms the validity of the observed PFM signal as originating from the piezoelectric displacement only, and not from electrochemical strain displacements. This also synergistically validates our approach of deconvolution of Raman spectra using PCA. The Raman spectrum of BaTiO 3 was separated from the dataset using a combined statistical approach. This approach works in two steps, namely (i) recognition (PCA) and separation (SMCR) such that the recognition step works as a feedback for the separation step. 31 Finally, two separate average spectra corresponding to BaTiO 3 and BaFe 12 O 19 were extracted ( Fig. 5d and e) . The separation step essentially fits the two components (weighted) to each data array, while iteratively updating the weights as well as the components in order to achieve convergence using advanced algorithms. 32 Ultimately, the extracted BaTiO 3 spectra corresponding to 0 and 2500 Oe magnetic field were fitted using 9 Gaussian-Lorentzian model functions, 7 of which correspond to the theoretical E 1 , A 1 , and B 1 modes of tetragonal BaTiO 3 , and 2 peaks correspond to additional bands observed due to lattice disorder. 33 Comparison of the spectra reveals that the magnetic field induces a frequency shift of about 2.5 ± 1.0 cm −1 for peaks around 520 cm −1 (A 1 and E(TO) modes) and 720 cm −1 (A 1 and E(LO) modes) (Fig. 6) . The shifts occur in opposite directions: the frequency of the phonon modes at 520 cm −1 decreases (mode softening), whereas for the modes at 720 cm −1 it increases (mode hardening).
To obtain spatial maps of magnetic field induced changes in the Raman spectra of BaTiO 3 , we performed a detailed study with better acquisition quality at another location of the sample, and at several values of magnetic field applied laterally using a homemade setup. In this case, the separation step was localized to a group of 4 points around each spatial grid point which was translated over the whole scan grid to yield separate BaTiO 3 spectra corresponding to each point. These local spectra were fitted to obtain peak parameters. Fig. 7 shows maps of the peak positions corresponding to the A 1 and E (TO) mode (520 cm −1 ) and A 1 and E (LO) mode (720 cm −1 ) spectral
lines. Both peaks demonstrate a weak softening with increasing magnetic field. The shift value of the 520 cm −1 peak is ∼0.6 cm −1 , whereas for the 720 cm −1 peak it is about ∼2.5 cm −1 at the maximum field, as inferred from the shift of histogram peaks (not shown) corresponding to the maps. We suppose that the hardening of the latter mode observed in the averaged spectrum is a result of the statistical interference between the strong Raman peak around 680 cm −1 in It would be interesting to compare the obtained data with results of macroscopic measurements. However, to our knowledge there are no published reports on magnetic field induced changes in Raman spectra of BaTiO 3 -based multiferroic composites. Li et al. studied the effect of a magnetic field on Raman spectra of Pb(Zr,Ti)O 3 -CoFe 2 O 4 bilayer composites, and found an ME induced decrease of the soft mode frequency of the Pb(Zr,Ti)O 3 layer. 35 In our case, however, the soft mode lies outside of the studied frequency range. Taking into account the stress mediated character of the ME coupling in our materials, we have compared our data with the results of high pressure effects on BaTiO 3 Raman spectra. 33, 36 Significant changes, including the appearance of a second peak on the high-frequency asymmetric tail of the A 1 and E(TO) modes (in the 500-600 cm −1 region) and broadening of the E(LO) phonon mode at 720 cm −1 , were reported only for pressures above 1 GPa, 33 which is definitely much higher than the magnetostrictive stress acting in our case. A rough approximation of the magnitude of induced stress level can be made by considering the magnetostriction of the order of λ ∼ 10 −4 (ref. (stiffness ∼ 100 GPa). This gives a stress of the order of σ ∼ 10 MPa. It is worth noting that aforementioned experiments were performed under hydrostatic pressure, whereas magnetostriction provides an essentially anisotropic effect. Anisotropic stresses can lead to a splitting of the E mode, resulting in the observed frequency shift.
Conclusions
In this study, we performed a spatially resolved mapping of the ME effect in BaTiO 3 -BaFe 12 O 19 composites using high resolution microscopic techniques. Besides the intrinsic magnetoelectric change of the local piezoelectric coefficient, piezoresponse force microscopy revealed that the magnetic field affects the polarization switching process: domain nucleation and propagation. This is attributed to the ME induced modulation of the depolarization field. We found that the ME induced changes are mainly localized in the vicinity of the interfaces between piezoelectric and magnetostrictive phases. This fact agrees well with the idea of strain-stress mediated coupling for these composites. The SS-PFM studies revealed an asymmetry of the polarization switching related to the electric fields created by charge carriers trapped at the phase interfaces. These fields can provoke self-polarization that has often been observed in composite multiferroics, but was never rationalized. We observed that the magnetic field can modify the field balance at the interface indirectly. This can open up a new way of controlling the properties of the heterojunction between a ferroelectric and a semiconductor via the magnetoelectric effect. Confocal Raman microscopy has been demonstrated to be a powerful method for phase mapping in such composites. The magnetic field induced changes of Raman spectra of the BaTiO 3 phase show a similar behaviour to that observed in mechanically stressed BaTiO 3 . The peak parameter maps revealed clear hot spots where stress mediated changes are mostly concentrated, supporting the fact that the stress generated by magnetostriction can be very high locally.
